The genus Thiobacillus [1] in the Betaproteobacteria is currently considered as a member of the family Hydrogenophilaceae in the order Hydrogenophilales [2] . The genus has historically comprised over 30 species, although the majority have been transferred to other genera or lost [3] . The genus is regarded as containing four species with validly published names -Thiobacillus thioparus (type species, [1] -N.B. the type strain is Starkey's Culture C T (=Starkey T =DSM 505 T ) isolated from agricultural soil - [4] ), Thiobacillus thiophilus ( [5] , isolated from aquifer sediment), Thiobacillus denitrificans (ex. Beijerinck [1, 6] , type strain is a sewage isolate from Hutchinson et al. [7] ) and Thiobacillus aquaesulis (Wood and Kelly, 1995 [8] , isolated from a thermal sulfur spring [9] ).
All but one of the Thiobacillus species with validly published names are obligate chemolithoautotrophs (assimilating carbon via the transaldolase variant of the Calvin-BensonBassham cycle [10, 11] , utilizing reduced sulfur species and elementary sulfur as energy sources, but T. aquaesulis can grow heterotrophically on complex media [9] . It is known that Thiobacillus species have incomplete versions of the Krebs' cycle and instead use some of the enzymes of the cycle in the form of Smith's biosynthetic horseshoe [12] , through which intermediates, amino acids, etc., are synthesized, but heterotrophic growth is not possible. The absence of fumarase and 2-oxoglutarate dehydrogenase has been observed in the genomes of T. denitrificans [10] and T. thioparus (Hutt et al., submitted) -reviewed by Wood et al. [13] , along with other enzymes of the Krebs' cycle in the latter. Since T. aquaesulis grows on complex media (but not in minimal media supplemented with C 1 compounds, sugars or amino acids individually, [9] ), it would be anticipated to have a full version of the Krebs' cycle or has some manner of bypass that permits growth in the absence of these core enzymes. It is worth noting that the same lesions of the Krebs' cycle are found in all obligate autotrophs examined thus far [13, 14] and whilst larger lesions are found in some species (e.g. [14] ), 2-oxoglutarate dehydrogenase and usually fumarase and/or succinate dehydrogenase and/or succinyl-CoA synthetase are commonly absent. As such, a facultative autotroph so closely related to obligate autotrophs must have significant core metabolic differences.
Thiosulfate oxidation in organisms that use the KellyTrudinger pathway ( [14] , also known as the 'S 4 I' or 'tetrathionate intermediary' pathway) always produces tetrathionate as a detectable intermediate in the medium in the early stages of growth, often alongside trithionate and/or pentathionate, but this varies considerably (observed in dozens of studies from the 1930s onwards; studies from the 1930s to 1960s are reviewed by Roy and Trudinger [15] ; later studies by Boden et al. [3, 14] ). Thiobacillus species use the KellyTrudinger pathway and indeed produce tetrathionate, which is accompanied by an increase in culture pH in the first 24 h of growth whilst 100 % of thiosulfate is oxidized to tetrathionate, after which tetrathionate is oxidized and the pH falls, usually to around pH 4.5-5.5, with concomitant production of sulfate. In batch cultures or oxygen-limited chemostats, elementary sulfur is often also produced as an intermediate and is observable within cells of Thiobacillus species as granules in the periplasmic space [16] . Whilst T. aquaesulis still produces elementary sulfur during growth on thiosulfate, it does not produce detectable levels of any polythionates in the medium, nor does the pH increase during the early stages of growth. The final pH of cultures is usually higherpH 6.0 or so -even when grown on media with the same starting pH as T. thioparus. These differences indicate a potential variant of the Kelly-Trudinger pathway for thiosulfate metabolism that does not proceed via tetrathionate (or other polythionates) yet still permits growth on tetrathionate and trithionate as sole energy sources. Whilst this tetrathionate-free metabolism could superficially indicate that the Kelly-Friedrich ('Sox') pathway is in use, the production of elementary sulfur in this way would probably be indicative of this not being the case. There is an implication of a different evolution of the sulfur-oxidation pathway in T. aquaesulis, distinct from Thiobacillus species.
Owing to these core physiological differences and alongside phylogenetic and chemotaxonomic data, we present here a case for the reclassification of T. aquaesulis to a new genus. During phylogenetic analyses on the basis of the 16S rRNA (rrs) gene, it became apparent that Thiobacillus species cluster at a great distance from other members of the Hydrogenophilales (mean pairwise distance 86.4 %), so we also consider the position of these taxa within the Betaproteobacteria and propose multiple revisions to this class with the creation of several new families and revisions to orders. We also propose the removal of the Hydrogenophilales from the Betaproteobacteria to form the Hydrogenophilalia class. nov.
All chemicals were obtained from Sigma-Aldrich and were of 'analytical' grade or higher, unless otherwise stated. Glass-distilled deionized water (i.e. deionized water that was then glass-distilled) and 'Class A' volumetric glassware were used to prepare all media and for all analyses. A calibrated four-decimal place balance was used throughout. T. aquaesulis DSM 4255 T and T. thioparus DSM 505 T were obtained from the Leibniz-Institut DSMZ Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH. T. denitrificans NCIMB 9548
T was a kind gift of Dr Peter Green (NCIMB Ltd). All strains were maintained in E-basal salts (EBS, [17] containing (g l [19] ), dimethylsulfide and dimethyldisulfide was tested as described [20] , using EBS as the basal salts. All chemotaxonomic tests and microscopy were performed according to Boden et al. [20] , using high-molecular-weight genomic DNA standards from Sigma-Aldrich to calibrate for G+C content determination (Escherichia coli Strain B, 50.0 mol%, Cat. No. D4889; and Micrococcus luteus ATCC 4698 T , 71.9 mol%, Cat. No. D8259, G+C contents are as certified by the manufacturer), along with genomic DNA from Thermithiobacillus tepidarius (66.8 mol%, [14] . G+C contents for T. thioparus DSM 505 T and T. aquaesulis DSM 4255 T were checked using this method (acid denaturation, [21] ) and gave good agreement with the originally published data (Table 1) . Whilst this method is not widely used, we have found agreement with data obtained from it to within 1.0 mol% with data from genome sequences providing it is properly calibrated on every use (cf. [20, 22] ).
Phylogenetic analyses of the Betaproteobacteria were performed using MEGA 7.0.20 [23] on the basis of 16S rRNA gene sequences from taxa with validly published names -almost 500 sequences. All members of the Betaproteobacteria based on the www.bacterio.net website and the 2005 release of Bergey's manual [24] were included in the analyses pace Gallionella as no bona fide cultures (thus sequences) exist -as such, the Gallionellaceae were represented only by the genus Ferriphaselus for the sake of the analysis. Genera incertae sedis were included in the analysis as long as they were considered Betaproteobacteria. Alignments were performed using the MUSCLE algorithm [25] without using the pre-sets for large datasets that reduce accuracy. Phylogenetic trees were reconstructed using the maximum-likelihood method with the Tamura-Nei model [26] and pairwise deletion of gaps. In total, 5000 bootstrap replicates were performed and values at nodes are shown if greater than 70 %. The outgroup was the genus Allochromatium from the Gammaproteobacteria. For phylum-level phylogenetic analyses to determine the position of classes therein, 16S rRNA gene sequences from the Betaproteobacteria were aligned in the same way with representatives from all other classes of the 'Proteobacteria' (Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Epsilonproteobacteria, Acidithiobacillia, Oligoflexia and 'Zetaproteobacteria'), using the same approach as Nakai et al. [27] when proposing the class Oligoflexia -representatives were used for each other class rather than using the entirety of each class, which would give a dataset so divergent (>4000 sequences) that it would be troublesome to analyse in a precise manner. The outgroup for these analyses (pace maximum-parsimony) was the phylum 'Aquificeae', represented by the genera Aquifex and Hydrogenothermus. Trees were reconstructed using the maximum-likelihood, neighbour-joining, minimum-evolution (all Tamura-Nei model) and maximum-parsimony (unrooted, tree bisectionreduction search method) methods, all with 5000 bootstrap replications and partial or pairwise deletion of gaps at 95 % cut-off. Table S1 (available in the online Supplementary  Material) gives the full details of all sequences used in these trees. The maximum-likelihood, neighbour-joining and minimum-evolution trees were also reconstructed using a dataset that contained the full Betaproteobacteria (>500 sequences) rather than just representative taxa, which gave identical results, namely class-level relationships. Whilst complete, even in collapsed form these trees were too physically large to be practical for publication given the page size of the journal, and the representative taxa trees give identical class-level relationships with near-identical bootstrap values in any case. We have retained these complete Betaproteobacteria trees as Figs S1-S3, for reference. Ribosomal multilocus sequence typing (rMLST, [28] ) was also used with regard to phylum-level analyses. Representatives from the 'Proteobacteria' and the 'Aquificeae' for which genome sequences are available in the PupMLST database (www.pubmlst.org) were used, with an emphasis on the type species of the type genera of families across the classes of the 'Proteobacteria', with type strains used where available. Where type species were not available, other members of the same genus or family were used. Genes encoding 53 ribosomal proteins (rps, rpl and rpm genes) were extracted from each genome using the rMLST platform, using only complete genes, trimmed to the same length and concatenated. Concatamers were downloaded into MEGA, translated into derived amino acyl sequences using the bacterial genetic code and aligned using MUSCLE. Phylogenetic trees were reconstructed from amino acid alignments as per the 16S rRNA gene trees but using the Jones-Taylor-Thornton algorithm [29] and, again, using the phylum 'Aquificeae' as the outgroup. [14] , in which 100 % of thiosulfate is oxidized to tetrathionate by a cytochrome-linked thiosulfate dehydrogenase, prior to oxidation to sulfate -in DSM 4255 T , tetrathionate is either not produced as an intermediate or is converted to sulfate with such rapidity that it does not build up in the medium to any detectable degree (in our hands or in those of Wood and Kelly [9] ). This is a significant metabolic deviation from true Thiobacillus species and may also comprise a unique evolutionary variation of the Kelly-Trudinger pathway.
It is also worth noting that the dominant fatty acids present in Thiobacillus species (C 15 : 0 , C 17 : 0 , C 17 : 1 , C 16 : 0 ) differ somewhat from those in DSM 4255 T (C 16 : 0 , C 16 : 1 , C 15 : 0 , C 17 : 1 ), when all are grown autotrophically on thiosulfate [31, 32] . The phylogenetic position of DSM 4255
T is shown in Fig. 1 , in which it can be seen that it falls separately from Thiobacillus species -on this basis we propose that DSM 4255
T forms a novel genus -Annwoodia gen. nov. -and propose the new combination Annwoodia aquaesulis comb. nov. for the type species.
The genus Thiobacillus as per Bergey's Manual of Systematic Bacteriology, 2nd edition [33] , falls within the Hydrogenophilales; however, our more detailed phylogenetic analysis of the entire Betaproteobacteria (Figs 1 and 2 ) -which obviously contains more taxa than in 2003/4 when analyses for the 2005 edition of the Manual were presumably performed -shows that these taxa are quite unrelated to this order (similarity 87.6 % -below the Yarza median for the rank of order), although they can appear superficially similar in trees we reconstructed containing smaller numbers of sequences, and particularly neighbour-joining trees (data not shown). The Betaproteobacteria contains the orders Burkholderiales (type order), Neisseriales, Methylophilales, Sulfuricellales, Rhodocyclales, Hydrogenophilales and Nitrosomonadales, all with validly published names [24, 34] . Thiobacillus species and DSM 4255 T form a clade within the Nitrosomonadales, which contains in turn three families with validly published namesNitrosomonadaceae (type family), Spirillaceae and Gallionellaceae. Fig. 1 shows that the orders Methylophilales and Sulfuricellales cluster within the Nitrosomonadales and, on the basis of pairwise distances falling below the Yarza median for family, are probably not separate families but fall within this order. On this basis, we propose that the Methylophilaceae and Sulfuricellaceae are transferred to the Nitrosomonadales and that the former forms a family within that order; however, the Sulfuricellaceae have !92.5 % pairwise similarity with the only sequence available for the Gallionellaceae (at or above the Yarza median for the rank of family, namely 92.25 %), and thus we propose that the genera of the Sulfuricellaceae and Gallionellaceae should be circumscribed as one family and that the name Gallionellaceae [35] takes priority over Sulfuricellaceae [34] , according to Rule 47a of the Bacteriological Code. This leaves the orders Methylophilales and Sulfuricellales defunct. We propose that the other two clades within the Nitrosomonadales are each circumscribed to form families - the Thiobacillaceae fam. nov. and the Sterolibacteriaceae fam. nov., named on the basis of the earliest legitimate genus in accordance with the Code, and circumscribed on the basis of pairwise 16S rRNA gene distances falling above the Yarza median within each group as well as clustering into distinct phylogenetic clades in Figs 1 and 2; the genera that these circumscribe are given in the descriptions of these novel taxa below. It is worth noting that genera of the Sterolibacteriaceae were formerly assigned to the Rhodocyclales rather than the Nitrosomonadales; however, our analyses demonstrate affiliation with the Nitrosomonadales on the basis of maximumlikelihood trees of the whole class Betaproteobacteria. It can be seen from Fig. 1 that a small clade of genera incertae sedis falls within the Nitrosomonadales: these are Chitinivorax, Rivicola and Leeia. These genera may warrant a further family being defined (the 'Leeiaceae') in the Nitrosomonadales, or may fall within the latter, but we do not have sufficient data to recommend either at this time. 
Azonexus fungiphilus BS5-8 T (AF011350)
Azonexus caeni Slu-05 T (AB166882)
Dechlorimonas agitata CKB T (AF047462)
Dechloromonas denitrificans ED1 T (AJ318917)
Quatrionicoccus australiensis Ben 117 T (AY007722)
Denitratisoma oestradiolicum AcBE2-1 T (AY879297)
Sulfuritalea hydrogenivorans DSM 22779 T (AB552842)

Georgfuchsia toluolica G5G6 T (EF219370)
Sulfurisoma sediminicola BSN1 T (AB842427) T (bold type) and Thiobacillus species within the Betaproteobacteria sensu Garrity et al. [24] . This includes the type strains of every species with a validly published name, but only the Rhodocyclales and Nitrosomonadales are shown, for clarity -the entire tree is given in Fig. 4 . The program MUSCLE was used to align nucleotide sequences and the tree was reconstructed using the maximum-likelihood method based on the TamuraNei model within MEGA 7.0.20. After 5000 bootstrap replicate constructions, the tree with the highest log likelihood (À90 516) is shown, with values next to nodes indicating the percentage of reconstructions in which the topology was preserved (values <70 % are omitted for clarity). All positions with <95 % site coverage were omitted from the final analysis, which used 1303 nt. Branch lengths are to scale and indicate the number of substitutions per site; bar, 2 substitutions per site. The outgroup is the genus Allochromatium from the Gammaproteobacteria. Names of orders and families in the tree itself are the extant names/circumscriptions, with the novel groupings indicated by bars to the right, showing orders (green) and families (black). In the 2005 revision of Bergey's Manual and on www.bacterio. net, the order Rhodocyclales, contains one family -the Rhodocyclaceae -and no further divisions [36] . In addition to the circumscribing of some genera of this family into the Nitrosomonadales, on the basis of our analyses we propose circumscribing two novel families in the Rhodocyclales (Fig. 1) -the Azonexaceae fam. nov. and the Zoogloeaceae fam. nov. -leaving four genera in the Rhodocyclaceae (type family). Azovibrio restrictus S5b2
Sterolibacterium denitrificans Chol-1S T (AJ306683)
Methyloversatilis Thiobacillus denitrificans NCIMB 9548 T (AJ243144)
Thiobacillus thioparus Starkey T (HM173629)
Thiobacillus thiophilus D24TN T (EU685841)
T remains incertae sedis at this point as it falls somewhat between these novel taxa and has sequence similarities from the type genera thereof of 92.7 % (Rhodocyclaceae) and 91.5 % (Zoogloeaceae), even though it apparently clusters separately from the Rhodocyclaceae. We therefore do not confirm which family this genus should be assigned to and further work will probably be required since it may represent the type genus of the 'Azovibrionaceae', or may form part of the one of the above novel families.
The order Hydrogenophilales clusters very distantly from the other Betaproteobacteria and has a sequence similarity from type genus to type genus of the Burkholderiales (type order of the class) of exactly 86.35 % -the same value as the Yarza median for the rank of class. It can be seen from Fig. 2 that the branching of the two genera of the Hydrogenophilales is indeed separate from both the Betaproteobacteria and all other classes in the phylum, in terms of forming a distinct branch from the Betaproteobacteria from a well-supported node (bootstrap values 99-100 % across all four tree reconstruction methods, even in those in which the reconstruction of other regions of the phylum were poor and supported only by low bootstrap values). These data indicate that whilst both of these taxa do belong to the 'Proteobacteria', they are confidently distinct from one another, although pairwise distances much also be considered in addition to tree topology. The pairwise distance from Hydrogenophilus thermoluteolus (type species of type genus of type family of type order of the Hydrogenophilalia class. nov.) to the equivalent species of the other classes of the 'Proteobacteria' (Alphaproteobacteria, 79.1 %; Gammaproteobacteria, 85.70 %; Deltaproteobacteria, 79.40 %; Epsilonproteobacteria, 66.60 %; Oligoflexia, 82.80 %; Acidithiobacillia, 83.30 %; 'Zetaproteobacteria', 81.20 %) are such that the Hydrogenophilales are not affiliated to any class of the phylum on this basis either. It is worth noting that whilst our analysis replicated the broadly accepted structure of the phylum 'Proteobacteria' in most trees shown, the Oligoflexia in our analyses fell within the clade representing the Deltaproteobacteria and (in all tree drawing methods employed) formed a branch from a well-supported node (bootstrap value 100 %) in all cases alongside Pseudobacteriovorax antillogorgiicola in the Bdellovibrionales (pairwise distance 89.1 %, with similar distances to others in this order, which cluster around it in the tree), and thus may warrant further study to ascertain the relative positions of these two classes. Fig. 3 reconstructs the phylogeny of the 'Proteobacteria' from a 53-gene concatamer of ribosomal protein genes, analysed at amino acid level -in this analysis, the phylogeny is well constructed with a majority of well-supported nodes and matching the generally accepted topology of the phylum. The Hydrogenophilalia class. nov. are, again, branched distinct from the Betaproteobacteria from a fully supported node, reinforcing their separation from the latter. Unlike Fig. 2 , this analysis was sufficient to separate the Oligoflexia from the Deltaproteobacteria. The same topology with regard to the Hydrogenophilalia class. nov. versus the Betaproteobacteria is also supported from well-supported nodes (95-100 % of bootstrap replicates) in neighbour-joining and minimum-evolution trees (Figs S4 and S5) . Table 2 (the latter also found in two genera of the Burkholderiales). The Nitrosomonadales often contain stearic acid (C 18 : 0 ) at a high concentration but three families -the Sterolibacteriaceae fam. nov., the Spirillaceae and the Gallionellaceae -also contained significant amounts of hydroxylated fatty acids 2-hydroxypentadecylic acid (C 15 : 0 2-OH) and/or C 10 : 0 3-OH. In contrast, the Hydrogenophilales class. nov. are distinguished by their high concentrations of !-cyclohexyl fatty acids [cyclohexylmargaric (C 17 : 0 cyclo) and cyclohexylnonadecylic acids (C 19 : 0 cyclo)] in both known genera, accounting for up to c. 30 % of the fatty acid content in Tepidiphilus species [37] . These fatty acids are relatively rare in nature, and in the domain Bacteria are conserved to a relatively small number of taxa -canonical examples being species of the genera Alicyclobacillus ('Firmicutes'), Sulfobacillus (Clostridia), Propionibacterium and Curtobacterium (Actinobacteria) -but not commonly in the 'Proteobacteria', except at trace amounts [38] [39] [40] , with the obvious exception of Pandoraea species in the Betaproteobacteria (Burkholderiales). Where they do occur, they are usually considered as an adaptation to heat or low pH, so it is no surprise to find them in an order united by temperature optima of [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] C and that are universally isolated from high-temperature extreme environments. Their pH optima (6.5-8.0) do not indicate acidophilia, and thus low pH is not likely to be the cause of the evolution of these fatty acids in this group. This, along with their profile as obligate thermophiles (distinct from the Betaproteobacteria examined in Table 2 ),represents a significant physiological difference from the Betaproteobacteria sensu stricto, further evidencing their status as a separate class. Morphologically, there is much variation across these groups, just as in the Burkholderiales and Neisseriales -the Nitrosomonadales contains a great diversity of rods, cocci, spirillae, reniform cells and stalk-forming cells (sensu iron oxidizers, rather than Hyphomicrobium-esque stalks), but most families are united in their morphology. For example, the Thiobacillaceae fam. nov. are all rods, and the Spirillaceae are all spirillae. Flagellation is similarly fairly uniform at the family level, with atrichous, monotrichous or amphitrichous cells Table S1 . Trees were reconstructed from MUSCLE alignments of the gene using the maximum-likelihood, neighbour-joining and minimumevolution methods (all using the Tamura-Nei model) or the maximum-parsimony method (tree bisection-reconnection method) within MEGA 7.0.20. After 5000 bootstrap replicate reconstructions, the trees with the highest confidence are shown, with values at nodes indicating the percentage of constructions in which the topology was preserved (values <70 % are omitted for clarity). All positions with <95 % site coverage were omitted from the final analyses, which used 1705 nt. Branch lengths are to scale and indicate the number of substitutions per site, with bars representing 5 substitutions per site for all except maximum-parsimony, in which the bar represents the number of changes across the whole sequence. The outgroup for the maxmimum-likelihood, minimum-evolution and neighbourjoining trees is the phylum 'Aquificeae'; the maximum-parsimony tree is unrooted. Versions using the complete Betaproteobacteria are given in Figs S1-S3 (maximum-likelihood, neighbour-joining and minimum-evolution, respectively) and show the same class-level topology. A complete Betaproteobacteria maximum-parsimony tree was not attempted owing to the computational time required and the poor reconstruction of the phyla in the version in this figure.
Downloaded from www. Autotrophy in the Nitrosomonadales is associated with carboxysome production in the Nitrosomonadaceae and Thiobacillaceae fam. nov. but no carboxysomes are observed in electron micrographs of autotrophic Sterolibacteriaceae fam. nov., or Gallionellaceae -it is interesting to note that carboxysomes are not observed elsewhere in the Betaproteobacteria but are prevalent in autotrophic Gammaproteobacteria and the Acidithiobacillia, which both share common ancestry with the Betaproteobacteria (Fig. 2) . Most autotrophs in the Nitrosomonadales use reduced sulfur species; however, the Nitrosomonadaceae use ammonium or nitrite but not sulfur as an electron donor, and the Gallionellaceae use ferrous iron, forming three distinct functional guilds of autotroph that marry with the phylogeny at family level. A similar diversity of autotrophic energy sources is found in the Burkholderiales. In contrast, autotrophy in the Rhodocyclales is not associated with carboxysome production and is either photoautotrophic (Rhodocyclaceae) or lithoautotrophic (Zoogloeaceae fam. nov.) with only molecular hydrogen as an electron donor. The Hydrogenophilalia class. nov. contains both autotrophs and heterotrophs, but only molecular hydrogen has been identified as an electron donor thus far. It is worth noting that, as in the Acidithiobacillia and Thiotrichales, use of molecular hydrogen for autotrophic growth is relatively promiscuous and has little continuity with phylogeny ( [43] ; Boden et al., submitted), and is commonly found across the Betaproteobacteria in lineages that do not otherwise contain autotrophs.
Each family of the Rhodocyclales is united by a small range of DNA G+C contents (3.5, 3.7 or 9.7 mol% ranges, which are actually inside of the c. 10 mol% range within which most congeneric species fall [44] , and order range of 9.7 mol %). The Nitrosomonadales has broader ranges within some families (2.0, 3.5, 4.5, 11.9, 14.4 or 15.0 mol% ranges and order range of 30.0 mol%), with the Nitrosomonadaceae and Methylophilaceae having the largest ranges. The orders Neisseriales and Burkholderiales have order G+C content ranges of 28.8 and 32.9 mol%, respectively, suggesting that the ranges of the Nitrosomonadales and Rhodocyclales following our revisions are not excessively diverse. The very low G+C contents of the Spirillaceae are somewhat unexpectedly low in terms of the other families examined in the order, but they do fall somewhat distantly from the rest of the order and form one of the deeper branches therein (Fig. 3) . Similarly, in the Burkholderiales, Thermothrix species have an 'unusually' low G+C content for the order (39.7 mol%). The pairwise distance from Nitrosomonas europaea (type species of type genus of type family) to Spirillum winogradskyi Gene sequences were extracted and concatenated from genome sequences held in the rMLST public database using the rMLST platform, ignoring any incomplete genes or genes at the ends of contigs. Concatamers were translated using the bacterial genetic code and amino acyl sequences were aligned using MUSCLE. The tree was reconstructed using the maximum-likelihood method and the Jones-TaylorThornton model within MEGA 7.0.20. After 5000 bootstrap replicate reconstructions, the tree with the highest log likelihood (À417 827) is shown, with values next to nodes indicating the percentage of constructions in which the topology was preserved (values <70 % are omitted for clarity). All positions with <95 % site coverage were omitted from the final analysis, which used 4289 amino acyl residues (from 12 867 nt). Branch lengths are to scale and indicate the number of substitutions per site; bar, 10 substitutions per site. The outgroup is the phylum 'Aquificeae'. Metabolically, the Hydrogenophilales contain a genus each of autotrophs and heterotrophs, the former using molecular hydrogen as an electron donor. They are unified by the same dominant respiratory quinone (UQ-8) and a relatively small range in G+C contents -58.6-65.0 mol%.
On the basis of phylogenetic, metabolic and fatty acid diversity distinct from the Betaproteobacteria examined, we therefore propose that the order Hydrogenophilales be circumscribed to form a novel class, the Hydrogenophilia class. nov., and that the order (Hydrogenophilales) and the only family therein (Hydrogenophilaceae) be revised to exclude the genus Thiobacillus, which is within the Betaproteobacteria sensu stricto. The phylogenetic basis for these proposals are summarised in Fig 4. EMENDED DESCRIPTION OF THE BETAPROTEOBACTERIA (GARRITY ET AL.,
2006, GARRITY ET AL., 2005) [45]
Betaproteobacteria (Be.ta.pro.te.o.bac.te¢ri.a. Gr. n. beta name of the second letter of the Greek alphabet; Gr. n. Proteus ocean god able to change shape; Gr. n. bakterion a small rod or staff; N.L. fem. pl. n. Betaproteobacteria class of the Bacteria having 16S rRNA gene sequences related to those of the order Spirillales). This family is circumscribed on the basis of 16S rRNA gene sequences and comprises the genera Sterolibacterium (type genus), Methyloversatilis, Sulfurisoma, Sulfuritalea, Denitratisoma and Georgfuchsia. Varied metabolism from methylotrophs, facultative autotrophs, denitrifiers and obligate anaerobes using ferric iron or manganic manganese as terminal electron acceptors. Autotrophic members use reduced sulfur or ferrous iron as electron donors. Oxidase-positive but catalase-variable. Usually contain hydroxylated saturated fatty acids as major components. UQ-8 is the dominant respiratory quinone. This family is re-defined following the circumscribing of members of this family to form new families. On the basis of 16S rRNA gene sequences, comprises the genera Rhodocyclus (type genus), Propionibacter, Propionivibrio and Azospira. The family contains nitrogen-fixing aerobes and anaerobes as well as photoheterotrophic anaerobes that can ferment organics. UQ-8 and MK-8 are the dominant respiratory quinones. Many genera are anaerobic. Autotrophic members can only use molecular hydrogen as an electron donor. Heterotrophic growth is quite restricted to fatty acids etc. in most genera. Oxidase-and catalase-negative. Large diversity of cell morphologies including curved rods, rings and spirillae. Hydroxylated and cyclic fatty acids are not observed as major components.
Type genus: Rhodocyclus (Pfennig, 1978) [50] .
DESCRIPTION OF ZOOGLOEACEAE FAM. NOV.
Zoogloeaceae (Zo.o.gloe.a.ce¢ae. N.L. fem. n. Zoogloea type genus; -aceae suffix to denote family; N.L. fem. pl. n. Zoogloeaceae the Zoogloea family).
This family is circumscribed on the basis of 16S rRNA gene sequences and physiology, and comprises the genera Zoogloea (type genus), Thauera, Azoarcus and Uliginosibacterium. The family comprises strict aerobes that fix nitrogen, zoogloeae-forming denitrifiers and more generalist heterotrophs. UQ-8 and RQ-8 are the dominant respiratory quinones. May contain hydroxylated saturated fatty acids as major components. Oxygen, nitrate, nitrite, nitrous oxide and selenate are used as terminal electron acceptors. Molecular hydrogen can be used as an electron donor by autotrophic members. Oxidase-and catalase-positive. Cells are usually rod-shaped and monotrichous or 'degenerately peritrichous'. !-Hydroxylcapric acid (C 10 : 0 3-OH) is observed as a major component in most known genera.
Type genus: Zoogloea (Itzigsohn 1868) [51] .
DESCRIPTION OF AZONEXACEAE FAM. NOV.
Azonexaceae (A.zo.nex.a.ce¢ae. N.L. masc. n. Azonexus type genus; -aceae suffix to denote family; N.L. fem. pl. n. Azonexaceae the Azonexus family).
This family is circumscribed on the basis of 16S rRNA gene sequences and comprises the genera Azonexus (type genus), Dechloromonas, Ferribacterium and Quatrionicoccus. The family comprises facultative anaerobes respiring (per)chlorate, obligate aerobes fixing nitrogen, strict anaerobes respiring ferric iron and more generalist heterotrophs. UQ-8 is the dominant respiratory quinone. Catalase-positive but oxidase-variable across genera. Hydroxylated and cyclic fatty acids are not observed as major components.
Type genus: Azonexus (Reinhold-Hurek and Hurek, 2000) [52] .
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